Abstract: A multiple Fano resonance based optical refractive index sensor composed of micro-cavity and micro-structure is designed. The multiple Fano resonances, generated by the interference between the multiple resonant peaks produced by the micro-cavity and the continuous background produced by the micro-structure, can reach high sensitivity in refractive index measurement. Besides, the micro-cavity configuration obviously reduces the energy loss, thus effectively increasing the figure of merit. Adjusted by the micro-cavity thickness and the micro-structure configuration, multiple Fano resonances can be generated potential for refractive index sensing: the sensitivity of 831 nm/RIU and the figure of merit of ∼600 can be reached according to a single Fano resonance; moreover, spectral interval between double Fano resonances can also be used for refractive index sensing with the sensitivity of 194 nm/RIU but significantly reducing the error due to the environmental changes. Considering the advantages as high sensitivity, narrow Fano resonant peak, high figure of merit and ease of integration, as well as its potential in environmental error reduction, the proposed multiple Fano resonance based optical refractive index sensor is expected to provide new tactics for optical refractive index sensing.
Introduction
According to the certain relation between the sample coefficients as temperature, pressure, concentration and the optical parameters especially as refractive index, optical sensors can transform these physical and chemical parameters that are not easy to be measured into the detectable refractive index, therefore, various optical refractive index sensors have been adopted in different fields as biological detections [1] - [5] , environmental monitoring [6] - [9] and medical diagnostics [10] , [11] , etc. Among these sensors, micro-and nano-scale optical refractive index sensors especially plasmonic sensors [1] , [3] - [5] , [9] - [11] attract much attention because of their miniature configuration and integration potentials. While in order to pursue better sensing performance with higher sensitivity and larger figure of merit, the Fano resonance is often introduced in the plasmonic sensor design, since it often has the advantages as narrow resonance peak width, sharp resonance profile and strong localized field enhancement. Based on the interference between the bright broad modes and dark narrow modes, various Fano resonance based plasmonic sensors have been proposed: Diverse Fano resonance senors in MIM waveguide are designed, such as circular [12] , rectangular [13] , [14] , stubs [15] - [17] and other shaped cavities [18] - [20] . Nanoparticles and nanoclusters are also adopted to generate Fano resonance for sensors [21] , [22] . And a number of different plasmonic metasurfaces with Fano resonance have been utilized and demonstrated as an effective strategy for sensors, such as ring and disk [23] , [24] , grating [25] , nano-chamber [26] and other nanostructure combinations [27] - [29] .
Though refractive index sensing can be realized by tracking single Fano resonance shifting, the environmental changes, such as temperature and humidity, etc., also causes Fano resonance shifting, thus easily introducing error in refractive index sensing when only focusing on single Fano resonance. While refractive index sensor based on multiple Fano resonances not only enables applications explored simultaneously at several spectral positions (such as visible light and infrared band) [25] , [28] - [32] , but also reduces the sensing error induced by environmental changes relying on multiple Fano resonance shifting analysis, therefore, multiple Fano resonance based refractive index sensors are still in demands.
In order to realize multiple Fano resonances which not only can be potentially applied for refractive sensing simultaneously at different frequencies, but also has the potential to reduce the error due to environmental changes, we propose a multiple Fano resonance based optical refractive index sensor composed of the micro-cavity and the micro-structure, which is similar to the classical configurations as reported in [33] - [36] . These proposed sensors often have excellent performances in refractive sensing in different bands such as in THz, infrared and visible bands. Different from these designs mostly based on resonances generated by the cavity and the micro-structure, our purposed refractive index sensor is according to Fano resonance: with the interference between the multiple resonant peaks produced by the micro-cavity and the continuous background produced by the micro-structure, the generated multiple Fano resonances can effectively reduce the resonant peak width and increase the spectral contrast. Moreover, the high energy density due to the microcavity configuration can also reduce the energy loss, thus further increase the sensing figure of merit. According to single Fano resonance tracking, the designed sensor has the high sensitivity of 831 nm/RIU and Fano resonance with narrow full width at half maximum (FWHM) of 12 nm, thus the sensor figure of merit reaches ∼600, indicating that the proposed device is an appropriate solution for refractive index sensing. Moreover, in order to reduce the sensing error due to the environmental changes, sample refractive index can also be quantitatively measured by tracking the spectral interval between the double Fano resonances with the sensitivity of 194 nm/RIU. Additionally, the proposed sensor can realize rapid refractive index sensing on liquid and even simultaneous detections for different samples combining with microfluidics. Since the proposed multiple Fano resonance based optical refractive index sensor not only has high sensitivity and figure of merit, as well as excellent anti-interference capability to environmental changing, but also has rather simple and compact configuration even potential for parallel microfluidic detections, it is believed that the proposed device can be future applied in refractive index sensing applications.
Sensor Design
Before the design on the multiple Fano resonance based optical refractive index sensor, the functions of the micro-structure and the micro-cavity are first discussed. The micro-structure is composed of gold nano-bars with the length of l, the width of w and the height of h on the substrate of silicon dioxide with the thickness of 0.5 mm, and the period of the nano-bars is p illustrated in Figure 1 Figure 1(A2) reveals the transmission spectrum of a non-optimized micro-structure (l = 220 nm, w = 50 nm, h = 50 nm and p = 300 nm), presenting continuous broad background. Additionally, the reflectance spectrum of the classical micro-cavity configuration in Figure 1 (B1) composed of two thin gold films with the thickness of t = 50 nm and the cavity thickness of T = 1200 nm is numerically computed in Figure 1 (B2), generating multiple narrow peaks. In order to generate multiple Fano resonances, the initial design of senor should combine the micro-structure with the micro-cavity as shown in Figure 1 (C1), in which one gold film in the micro-cavity is replaced by the micro-structure. According to the numerical calculation, the reflectance spectrum of the initial sensor design shown in Figure 1 (C2) presents obvious multiple sharp and high-contrast Fano resonances generated from the coupling with the broad background in Figure 1A2 ) and multiple narrow peaks in Figure 1 (B2). Though the cavity based structure can also work as the sensor according to the resonance peak shifting, according to Figures 1(B2) and 1(C2), the contrast of the Fano resonance is higher than that of the resonance generated by the cavity, indicating that the Fano resonance based sensor often has better signal to noise ratio in refractive index sensing, therefore, it is believed Fano resonance is preferred for refractive index sensing.
According to the principle on the generation of multiple Fano resonances with the interference between the multiple resonant peaks produced by the micro-cavity and the broad background produced by the micro-structure, there are still two similar configurations both realizing multiple Fano resonances for refractive index sensing shown in Figures 2(A1) and 2(B1), respectively. According to the cavity based sensor configuration in Figure 2 (A1), the sample should be imported into the cavity for refractive index sensing; while according to the surface based sensor configuration in Figure 2 (B1), the refractive index can be measured when the sample is directly introduced to the Fig. 2 . The (1) configuration, (2) reflective spectra (and field distributions), (3) spectral shifting due to refractive index changing and (4) calculated sensitivity of (A) cavity and (B) surface based sensor configurations.
micro-structure surface. Both these configurations realize refractive index sensing by tracking the resonance peak shifting. Figures 2(A2) and 2(B2) list the reflectance spectra of both sensor configurations corresponding to Figures 2(A1) and 2(B1), respectively, with the same parameters as l of 220 nm, w of 50 nm, h of 50 nm, p of 300 nm and substrate thickness of 0.5˜mm, but in Figure 2 (A1), the thickness T of micro-cavity for holding sample is 1200 nm; while in Figure 2 (B1), the silicon dioxide thickness T between the micro-structures and the thin gold film is 1200 nm. The quantitative comparisons in Figures 2(A2) and 2(B2) indicate that both these sensor configurations can excite multiple Fano resonances with the coupling between the continuous background generated by micro-structure and the discrete narrow peaks generated by the micro-cavity, but the electric field of the Fano resonances in Figure 2 (A2) is often higher than that in Figure 2 (B2). During refractive index sensing, their Fano resonance based reflectance spectra shift in Figures 2(A3) and 2(B3), and their highest sensitivities can reach 756 nm/RIU and 111 nm/RIU in Figures 2(A4) and 2(B4), respectively, indicating that the cavity based sensor can achieve higher sensitivity in refractive index measurements. In addition, the cavity based sensor not only has narrower resonance FWHW as ∼15.7 nm at ∼1100 nm compared to that of ∼20.5 nm at ∼1200 nm of the surface based sensor, but also has higher figure of merit as 1098 compared to that of 50. The better performance of the cavity based sensor configuration are because the field distributions in the sensing region of sealed cavity based sensor configuration is much higher than that of the open-type surface based sensor configuration, which can be proved by the numerically calculated field distributions shown in the insets in Figures 2(A2) and 2(B2): for the Fano resonance at ∼900 nm, four-order resonance modes occur in the cavity, and for the Fano resonance at ∼1100 nm, three-order resonance modes occur in the cavity. At different wavelengths, various modes generate, but only the resonance modes can provide high-quality refractive index sensing. The constructive interference caused by the Fano resonance gives rise to enormously strong enhancement of the electromagnetic field, especially at the edge of the nano-bar as well as the cavity between the micro-structure and the gold film. Therefore, when the sample is in the region with enhancement of the electromagnetic field, it can achieve excellent sensing performance. In the cavity based sensor configuration, the field energy is localized and enhanced by the resonances in the sealed micro-cavity; while considering the surface based sensor configuration, the localized field at the sensing surface is obviously reduced caused by energy loss due to the open-type structure. Therefore, the cavity based sensor configuration has the better performance.
Considering that the inevitably localized field loss not only the broadens the resonance peak widths, but also reduces the sensitivity as well as the sensor figure of merit, therefore, compared to the surface based sensor configuration in Figure 2 (B1), the cavity based sensor configuration is more appropriate for sensor design considering its better refractive index sensing performance. However, compared to the surface based sensor configuration, more fabrication procedures are required for cavity based sensor configuration, however, it is still not difficult to realize its fabrication, and the fabrication process is similar to reported work [33] . First, ion beam etching on a silicon substrate can precisely control the thickness of the micro-cavity. Then, the gold film can be coated on the etched silicon substrate. As the micro-structure composed with the nano-bar array can be fabricated with electron beam lithography on a silicon dioxide substrate, with lamination, the cavity based sensor configuration can be finally fabricated. During sensing process, the liquid sample can be imported into the micro-cavity, by analyzing the resonance peak shifting, the refractive index of the sample can be obtained. Moreover, by introducing the biological labeling on the sensor surface (micro-structure or gold film), the application of the sensor can even be extended into biological detection and medical diagnostics.
Though the cavity based configuration is selected as the initial structure for the multiple Fano resonance based optical refractive index sensor design, its structure parameters should be further optimized, e.g., in order to obtain multiple Fano resonances in rather narrow band range, not only the width of the background spectrum should be optimized, but also the positions of both background and resonance spectra should be matched. Therefore, to pursue better sensing performance, the initial sensor structure should be further optimized as the detailed illustration in the following section. 
Sensor Optimization
Next, in order to optimize the multiple Fano resonance based optical refractive index sensor, the parameters of the micro-cavity and micro-structure are discussed and optimized via numerical computation. According to the above simulations, it is proved that the broad background spectrum is only determined by the micro-structure, while the sharp resonant peaks are mostly decided by the micro-cavity, therefore, the configuration of micro-structure and micro-cavity can be analyzed independently.
First, the configuration of the micro-structure is numerically analyzed in details. The single cell of the micro-structure is a rectangular gold nano-bar with the length of l, the width of w and the height of h , and among them, both l and w obviously influence the background spectrum according to the numerical simulations. Figure 3(A) shows the numerically calculated spectra with the same w of 50 nm, h of 50 nm and cell period p of 280 nm, but different l from 50 nm to 260 nm, it is indicated that in order to realize multiple Fano resonances, wide spectral valley is preferred, thus l should be set as around 210 nm. Similarly, Figure 3(B) shows the numerically calculated spectra with the same l of 210 nm, h of 50 nm and p of 280 nm, but different w from 10 nm to 100 nm thus, w should be set as around 50 nm also to maintain a wide range of spectral valley within the detectable spectral band. Besides the influence from the rectangular gold nano-bar configuration on the background spectra, the period of the micro-structure also modulates the background spectra. According to Figure 3(C) , the background spectra shift with different p , but in order to obtain multiple Fano resonances with high contrast and sharp bands, matched Bragg resonances are required, thus the detailed analysis on the micro-cavity thickness is required.
Next, the configuration of the micro-cavity is discussed: with different T from 300 nm to 1500 nm, the calculated reflectance spectra are shown in Figure 3(D) . With larger T , more Fano resonances occur in the detectable spectral band between 600 nm and 1400 nm, considering the location of the background spectral valley shown in Figures 3(A) and 3(B) , there should be matched resonant peaks in the valley range. According to the requirement for the matching background valley and resonance locations, the thickness of the micro-cavity is chosen as 1250 nm and the period of micro structure is set as 280 nm, there are double high-contrast Fano resonances in the detectable spectral band between 800 nm and 1300 nm, which can be adopted for high-sensitive refractive index sensing.
Finally, according to the quantitative analysis on the micro-structure and micro-cavity, the optimized parameters of the high order Fano resonance based optical refractive index sensor should be set as l of 210 nm, w of 50 nm, h of 50 nm, p of 280 nm and T of 1250 nm. According to the spectra of micro-cavity, micro-structure and the sensor in Figure 4(A) , the contrast of the Fano resonances generated by the proposed sensor is higher than that of the resonances excited by the classical micro-cavity. It proves that the high contrast of the Fano resonance is conductive to the peak position location.
After the sensor configuration optimization, its sensing performance was numerically analyzed: when the refractive index of various liquid samples was set as 1.31, 1.33, 1.35, 1.37 and 1.39, respectively, Figure 4 (B) lists their corresponding reflectance spectra, indicating that there is red shift with higher refractive index. Among various Fano resonances, two Fano resonances located within the background spectral valley can be adopted for refractive index sensing due to their high contrast and narrow frequency bands, both their sensitivities were computed as 638 nm/RIU of the Fano resonance at ∼900 nm and 831 nm/RIU of the Fano resonance at ∼1150 nm, respectively, shown in Figure 4 (C). According to the spectra, the generated Fano resonances have rather high contrast. In addition, figure of merit of the two Fano resonances used for refractive index were also quantitatively calculated as ∼100 and ∼600. Compared with the initial configuration in Figure 2 , figure of merit of the optimized one in Figure 4 is decreased, however, the sensitivity of the optimized one is higher than that of the initial configuration: the sensitivity of the Fano resonance at ∼900 nm is increased from 574 nm/RIU to 638 nm/RIU, and that of the Fano resonance at ∼1100 nm is increased from 756 nm/RIU to 831 nm/RIU. This is because in the optimization by analyzing on the structure parameters in Figure 3 , we only focused on the sensitivity improvement, since the sensitivity is the most important key point for a sensor. Though the figure of merit is decreased, however, it is still rather high for high-quality refractive index detection, proving the proposed high order Fano resonance based optical refractive index sensor is a potential tool for practical refractive index sensing.
According to the single Fano resonance, high sensitive refractive index measurements can be realized, moreover, the proposed device has two sharp Fano resonances which both enable the applications explored simultaneously at different frequencies. However, considering its rather high sensitivity, the proposed device is easily influenced by environmental circumstance, such as temperature and humidity, etc., which inevitably shift the Fano resonance, thus introducing error in refractive index sensing. Since according to the principle of the device, the environmental temperature and humidity influence the both the Fano resonances, thus the refractive index can be measured by tracking the spectral interval between two Fano resonances in order to reduce the sensing error due to the environmental changes. It is worth noting that the environmental change leads to Fano resonance shifting in the same direction, even many environmental changes appear simultaneously, their combined action still leads to Fano resonance shifting in the same direction, therefore, according to the sensing tactic based on dual Fano resonance wavelength difference, the environmental influence can be partially compensated. Figure 4(D) shows the relation between the spectral interval and the refractive index, indicating a sensitivity of 194 nm/RIU. Though the sensitivity based on tracking the spectral interval is lower than those based on single Fano resonance, considering it reduces the sensing error due to the environmental changes, the multiple Fano resonance based refractive index sensor has excellent anti-interference capability to the environmental changes. Moreover, though there is some fluctuation, based on the linear fitting in Figure 4(D) , it is proved that the proposed sensor can still be adopted for quantitative refractive index sensing according to a high regression coefficient of 0.99205, especially in the range with the refractive index between 1.31 and 1.37. The proposed sensor not only can realize refractive index sensing for liquid samples, but also can realize biological and chemical detection by introducing the biological labeling on the sensor surface (micro-structure or gold film). In addition, combining with the microfluidics, parallel detection can be obtained with multiple channels fabricated in a single sensor structure. Considering the easy fabrication and simple sensing process, as well as its excellent anti-interference capability, the proposed multiple Fano resonance based optical refractive index sensor is an ideal way for refractive sensing.
Conclusions
In order to realize refractive index sensing with high sensitivity, large figure of merit and high accuracy, but compact structure, in this paper, we propose multiple Fano resonance based optical refractive index sensor combining with the micro-cavity and the micro-structure. Generated by the interference between the multiple resonant peaks produced by the micro-cavity and the broad background produced by the micro-structure, Fano resonances can be used for refractive index sensing according to the spectral shifting. The sensitivity of 831 nm/RIU and the figure of merit of ∼600 can be reached by tracking the shifting of single Fano resonance; moreover, spectral interval between double Fano resonances can also be adopted for refractive index sensing with the sensitivity of 194 nm/RIU but significantly reducing the error due to the environmental changes. Besides the excellent performance in refractive index sensing, the proposed sensor has rather compact structure and the micro-cavity configuration can act as miniaturized channel for future microfluidic applications and parallel detections. Considering the advantages as high sensitivity, narrow Fano resonant peak, high figure of merit and ease of integration, as well as its potential in environmental error reduction, the proposed multiple Fano resonance based optical refractive index sensor is expected to provide new tactics for optical refractive index sensing.
